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Dear Editor,
Chemotherapy is one of major means for cancer treatments, and many of chemotherapeutic drugs are DNA damaging agents that reduce tumor growth through triggering cancer cell apoptosis or necrosis. Following DNA damage, ataxia telangiectasia mutated (ATM), a protein kinase, was activated and a cytosolic complex containing ATM, NEMO, RIP1 were formed (Biton and Ashkenazi, 2011) . This ATM/NEMO/ RIP1 complex cooperates to activate cytoplasmic adaptor protein TRAF6 (Hinz et al., 2010) and Ser/Thr kinase, TGFβ-activated kinase 1 (TAK1) and IKK complex to induce NF-κB activation through multiple signal transduction mechanisms depending on the severity of genotoxic stress and cell type (Wu et al., 2010) . It has been shown that irradiation or chemotherapeutic drugs induce NF-κB activation through the functional IKK complex, but some reports suggest that UV irradiation activates NF-κB signal through IKK complexindependent but CK2-dependent manner (Kato et al., 2003) . Of note, many DNA damaging agents can also activate NF-κB family of transcription factors that induce the expression of anti-apoptotic genes, thereby protecting cancer cells from apoptosis and resulting in the resistance of cancer cells to the chemotherapy. Although there are many studies on the mechanism of DNA damage-induced drug resistance, the molecular mechanism by which DNA damage induces NF-κB activation is not fully defined.
The caspase recruitment domain (CARD) and membrane-associated guanylate kinase-like domain protein (CARMA) family of proteins has three members, CARMA1, CARMA2, and CARMA3 that are encoded by three different genes (Blonska and Lin, 2011) . CARMA proteins share the same set of structural domains, but a different pattern of tissue expression profile. Upon different stimuli, all CARMA proteins can form a complex with BCL10 and MALT1, and the CARMA-BCL10-MALT1 (CBM) complex functions to activate NF-κB signaling (Pomerantz et al., 2002; Grabiner et al., 2007; Jiang et al., 2011) . Besides in NF-κB signaling, CBM complex is also involved in antiviral innate immune response by suppressing IRF3-type I IFN expression through inhibiting the formation of MAVS oligomerization in mitochondrion . CARMA3 was reported to be relatively overexpressed in many tumor cells and associated with the malignant behavior of cancer cells (Li et al., 2012; Pan et al., 2016) . It has been shown that CARMA3 and TRAF6 form a complex to mediating GPCR-and EGFRinduced NF-κB activation (Grabiner et al., 2007) . Therefore, we hypothesized that the CBM complex contributes to DNA damage-induced NF-κB activation to protect genotoxic agent-induced cell death.
To determine the role of CBM complex in DNA damageinduced NF-κB activation, MEF cells isolated from Malt1 Het (+/−) or knockout (−/−) mice were stimulated with doxorubicin, a genotoxic reagent inhibiting the activity of topoisomerase II. Consistent with our hypothesis, NF-κB was potently activated by doxorubicin in control cells, but completely impaired in Malt1-deficient cells ( Fig. 1A ). To confirm that Malt1 is responsible to DNA damage-induced NF-κB activation, MEFs (Malt1 +/− ) and MALT-deficient MEFs (Malt1 −/− ) were treated with two other genotoxic reagent VP16 (etoposide) (10 μmol/L) and CPT (2 μmol/L), respectively. Consistently, we found that VP16-and CPT-induced NF-κB activation were defective in MALT1-deficient cells compared with controls ( Fig. 1B) , indicating that MALT1 is required for DNA damage-induced NF-κB activation. Since MALT1 forms a complex with CARMA1 and Bcl10 in hematopoietic cells, and CARMA3 and Bcl10 in non-hematopoietic cells to activate NF-κB, we examined the impact of CARMA3 or Bcl10 on DNA damage-induced signaling ( Fig. 1C ). CARMA3-deficient (Carma3 −/− ) and BCL10deficient (Bcl10 −/− ) MEFs together with wild-type controls were treated with doxorubicin. Consistent with the result in Malt1 KO MEF cells, both CARMA3-deficient and BCL10deficient cells were completely defective for NF-κB activation upon doxorubicin treatment. Similarly, we found that genotoxic reagents-induced NF-κB activation was significantly reduced in JPM50.6 cells ( Fig. S1 ), in which the expression of CARMA1 is defective (Wang et al., 2002) . Together, these results indicate that CBM complex mediates DNA damageinduced NF-κB activation in both hematopoietic and non-hematopoietic cells.
PKC family of kinases has been shown to play important roles in CBM complex-mediated NF-κB activation upon various stimulations through promoting phosphorylation of CARMA family proteins, which induces the association of CARMA proteins with the downstream signaling components, Bcl10 and Malt1 (Mahanivong et al., 2008) . In addition, it has been reported that doxorubicin can activate PKC delta (PKCδ) (Diaz Bessone et al., 2011) . Therefore, we hypothesize that the CBM complex is activated by PKC isoforms upon DNA damage. To test this hypothesis, we pretreated primary MEFs with PKC inhibitor GF109203X (PKCi) and induced NF-κB activation by either doxorubicin (1.5 μg/mL) or PMA (100 ng/mL). We found that PKC inhibitor efficiently blocked PMA-induced nuclear translocation of NF-κB ( Fig. S2, lanes 7 and 10) , but there was no obvious effect for doxorubicin-induced NF-κB activation (Fig. S2 , lanes 6 and 9). To further confirm this finding, we treated HeLa cells with this PKC inhibitor (PKCi) following by doxorubicin treatment (Fig. 1D, lane 6) . We found that the IκBα degradation was intact in the presence of the PKC inhibitor compared with controls ( Fig. 1D, lanes 2 and 6) , suggesting that DNA damage-induced NF-κB activation is independent on PKC family of kinases. These data indicate that PKC does not contribute to doxorubicin-induced NF-κB activation, and CBM complex might be activated through another undefined mechanism upon DNA damage.
Recent studies have suggested that ATM is required for NF-κB activation in response to various genotoxic reagents, but the role of DNA-PK and ATR, another two DNA damage sensors, in this activation remains controversial (Li et al., 2001) . To determine the exact sensor in doxorubicin-induced NF-κB signaling, we tested the effect of ATM, ATR or DNA-PK inhibitors on NF-κB activation in response to stimulation of doxorubicin in HeLa cells (Fig. 1D) . Consistent with previous study, doxorubicin-induced IκBα degradation was impaired by ATM inhibitor (Fig. 1D, lane 3) , but not ATR or DNA-PK inhibitor (Fig. 1D, lanes 4 and 5) . Consistent with NF-κB activation, phosphorylation of Chk2 and p53 was also defective upon ATM inhibitor treatment (Fig. 1D, lane 3) compared with the control. In contrast, the activity of chk2 and p53 were comparable in the ATR or DNA-PK inhibitor and DMSO treated HeLa cells (Fig. 1D, lanes 4 and 5) . These results are consistent with previous findings that ATM is required for DNA damage-induced NF-κB activation.
Our previous studies show that overexpressed CARMA3 is K63-linked polyubiquitination, which may regulate NF-κB activation . To determine how DNA damage regulates CBM complex, we co-expressed CARMA3 together with K48-and K63-linked ubiquitin, and found that DNA damage significantly induced K63-linked polyubiquitination (Fig. 1E) . It has been shown that TRAF6 is involved in DNA damage-induced NF-κB activation (Hinz et al., 2010) . Therefore, we hypothesized that CBM complex may also recruit TRAF6 in response to DNA damage-induced signaling. To efficiently isolate CARMA3-containing complex, we reconstituted CARMA3-deficient MEF cells with HA-tagged CARMA3, and then stimulated these cells with doxorubicin. We found that CARMA3 was inducibly associated with TRAF6 following doxorubicin treatment (Fig. 1F) . These results suggest that the involvement of CBM in DNA damage-induced NF-κB is through the recruitment of TRAF6.
To determine whether CARMA3 also modulates DNA damage response-induced IFN signal, we detected the phosphorylation of TBK1 upon doxorubicin stimulation. Consistent with previous report, doxorubicin-induced TBK1 phosphorylation at the presence of ATM inhibitor, likely because the excessively released ssDNA in the cytoplasm can activate TBK1. However, no difference of TBK1 phosphorylation was detected in wild-type or CARMA3-deficient MEF cells (Fig. S3A) . To further confirm this finding, we used CARMA3 knock-down HeLa cells silenced by CARMA3 shRNA to examined TBK1 activation. Consistently, signalinduced phosphorylation of TBK1 was comparable in both WT and CARMA3-knock-down HeLa cells (Fig. S3B ). Together, these results indicate that CARMA3 is dispensable for DNA damage-induced TBK1 activation, although DNA damage-induced NF-κB activation is dependent on CARMA3.
Since CBM complex contributes to cell proliferation and survival by regulating growth factor-induced NF-κB pathway (Jiang et al., 2011; Pan et al., 2016) , we hypothesized that CBM complex might also affect cell death induced by DNA damage response. To test this hypothesis, we treated WT and CARMA3 KO MEF cells with doxorubicin and examined the apoptosis of these cells, and found that there were more than 2 fold of dead cells in CARMA3-deficient MEFs compared with WT control cells following doxorubicin treatment for 6 h and 9 h, while no significant difference in the absence of doxorubicin treatment ( Fig. 2A) . Similarly, when we treated WT and Bcl10 KO MEF cells with doxorubicin, we found that significant more apoptotic cells in Bcl10 KO MEF cells than WT cells (Fig. S4 ). Together, these data suggest that CBM complex is necessary for pro-survival signaling to antagonize DNA damage-induced apoptosis.
To examine the contribution of CARMA3 to DNA damage response in vivo, we monitored the survival of WT and CARMA3-deficient mice following irradiation at 12Gy. All mice in WT control group survived within 14 days after irradiation, while about 23% of CARMA3-deficient mice died (Fig. 2B) . This result suggests that CARMA3 partially protected mice from irradiation effects. Because Ki67 staining was used as a proliferative marker of quiescent cells after irradiation, colons of WTor CARMA3-deficient mice were isolated and examined for Ki67-positive cells by immunohistochemical staining. We found that tissues from CARMA3 +/− mice had significantly more Ki67-positive staining than those from CARMA3 −/− mice (Fig. 2C) , indicating the impaired tissue repairing in the absence of CARMA3. Moreover, more infiltration of inflammatory cells was found in CARMA3 −/− mice compared with control mice (Fig. 2D) . Consistent with NF-κB activation in vitro, we found the reduced expression of NF-κB-dependent cytokines, IL-6 and TNFα, in colonic samples from CARMA3 −/− mice ( Fig. 2E ). Together, these data indicate that CARMA3 promotes tissue repair caused by irradiation-induced DNA damage response.
In summary, our data provides the genetic and biochemical evidence to reveal the molecular mechanism by which DNA damage activates NF-κB through CBM complex, therefore, providing a molecular basis for targeting the CBM complex to block DNA damage-induced NF-κB pathway. In addition, our results also highlighted the contribution of CARMA3 to the tissue repair and cell proliferation after irradiation.
